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- WIND-TUNNZL MAGNUS CHARACTERISTICS OF THE
T-CALIBER ARMY-NAVY SPINNER RCCKET
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ABETRACT: A wind-tunnel test program on the 7-caliber Army~Navy
Spinner Rocket has deen completed in the NOL 4O : 40 cm Aercbellistics
Tunnsl No. l. Magnus force and moment measurements have besn made

at Mach numbers of 0.291, 0.600, 0.810, 0.91%, 1,57, 1.77, 1.90, 2.21,
and 2.46 and at angles of attack up to 20 degrees, The Magnus measure-
ment problem for the wind tunnel is examined, and a discussion of the
instrunentation used to overcome this problea is presented. The
results of the test prograa are presented in coefficient form and &
comparison vith the results from the Aberdeen Ballistics Ranges is
rresented, It is showvn that there is agreement betveen the Naval
Ordpance labdoratory wind tunnel and the Aberdeen rangs results at
superscnic speeds, and that the Magnus coefficieuts are non-linear
with angle of attiack,
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This test program vas performed at the roduest of the Bureau of Ordnance
(Re3d) and was performed unier Task Number NCL-B3d-L53-1~55) ’

This report is a pressntaiion of the Magnus force and moment characteristics
of the T«Calibar AN Srinner Rocket as determined from wind-tunnel
measuremants, .

* JOHN T. HAYWARD
Captain, USN
Commnder

H. H. KURZWEG, Chief
Aeroballistic Research Department
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WIND-TUXNEL MACKUS CEARACTERISTICE OF THE
T-CALIBER ARMY-NAVY SPINKER ROCKET

INTRODUCTION

1. The T-caliber Army-Navy Spinner Rocket (Figure 1) is the
i{ntermsdiate length member of & group of three lov-drag rockst shapes,
wvhose serodynanic characterircice are the subject of a Joint Army-

Navy research program. Measuremsnts, at small angles of attack,
of these charecteristics have been made in the ranges at the Ballistic
Research Iaboratories, Aberdeen Proving Ground, at superscaic speeds
(references a ond C) and at transonic speeds (reference d). The
ssrodynamic characteristics of the three mesbers »f this program have
also heen measured in s vind turnsl at low subsonic speeds (refersrces
b and o). late in 1952, at the request of the Bureau of Ordnance (Reld),
the Naval Ordnance lsbcratory uadertook the problsm of deterainirg the
Magnus charecteristics of spimning projectiles. A logical choice of
model, on vhich to psrform the first vind-tunnel mcasurements wves the
T-calider Army-Ravy Spinner, since it wvas a simple shape of typical
nissile proportions and since there were considerable range data
availabls with which the wind-tumnel data could be comp “ed. The
initiation of a program of lagnu:; measuremant necessitated the
developmant of suitable instrumsntaticm not only for the force measure-
ment system, but also for the model rotatiooal power. The problem
was accentuated by the smallness of the Magnus force compared to the
other forces acting om the model. A discussion of the instrumentation
and ths solutions thereof will de found in the section on
instrumentation,

2. These tests were performed in the NOL 4O x A0 cm Aercdallistics
Tunnsl No. 1 (reference f£), an open-jet, intermittent type tunnel. This
tunnel vas primarily designed for supersonic testing bdut it can de
operated at subsonic speeds by inserting & converging nossle and using
an adjustadle diffuser as a throttling valve, lMagnus force and moment
asasrements vere made using an "extermal” strain-gage balance, with
an air "coaster"turdine providing the rotatiomal power,

Sysbols
Cy = vind-tumnel side forcs coefficient = Y/qS
Cy = vind-tumel yawing moment coefficient » V¥ /g8

- ? oefficient (at a gt of atteck
c') :hg::ue e at a given angle a )

(Note: All moments are referred to c.g.; see Figure 1)

1
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Symbols (continued)

UNn. = aeroballistic Magnus force coefficient = K.IH )pgl/i(ﬁ)s qS
- ¥ 2V
Cnp = Magnus moment coefficient (at a given angle of attack)
- C"ma
cum = aeroballistic Magnus moment coefficient = [("P5 )p a/(%)ﬁ gSd

d = body diameter (0.167 foot)

F = range Megnus force (pounds)

1 = vector opevator  Y-1

& = range Magnus force coefficient = F/iou wdsj
Ky = range Magnus moment coefficient = -1/ o uw d'f
2 = model length (1.167 feet or 7 caliders)
M s Mach number

B"P! )pr = aercballistic Magnus mcaent or yaving moment due
to spin velocity at an angle of aitack (foot-pounds)

[(¥p5 1p4] = sercbelristic Magmus force or s1de force dus to
opin velocity at an angle of attack (pounds)

P = rotational velocity (radians/second) or (revolutions/second,rps)
q = dymanmic pressure -,g; (pﬂﬂll/f“ta)

Re = Reynolds number based on model length « VAo
A(

8 = reference dody cross-secticnal ares = 7d2/k (feet2)
T = rangs Mognus moment (frot-pounds)
= froe-stream vslocity-range (feet/second)

(-3

a free-strean velocity « u (feet/second)
= wind-tunnel side force (pounds)

angle of attack (Cegrees or radians)

D ! = -t
[ ]

angle of yav (degrees or radians)

2
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Symbols (continued)
€ = error potation

= sercballistic and range compiex yav angle « (4 + 1 a)
(redians or degrees)

b Y

4¢ = free-strean viocooéty computed by Sutherland's formula
(pound second/feet<) (8= 0° for wind tunmnel)

A = free-stream air density (slugs/frest3 -#loc'“’/rm")
@ = yengs rctational velocity = p (rsdians/second)
¥ "= vind-tumel side or yawing moment (foot/pounds)

INSTRUMENTATION

3. Only the aore important features of the instrumentation are
given in this discussion and none of the preliminary tests vhich led to
the design of the present instrumentation are described. However, the
instrunentation described beiow was preceded by several preliminury
set-ups, each of vhich yielded information that indicated the need for
changes or additices to the equipmeut, snd although the present set-up
will yield data of sufficient accuracy and reliadility for soms
PTposes, the set-up is not an "ideal” solution (see uncertainmty
estimate, paregraph 30) for the measuremsnt of Magnus effects om spimning
models. Further development is required amd 13 nov being carried out,
In the future, data of more reliadility and accuracy should de obtained
because of improved instrumsntation, test techniques, axl more varied
test conditions such as testing at plus and minmus angles of attack,
testing vith plus and ainus spin directions, etc.

&k, A sketch of the model, balance, and support system is presented
in Figure 2, The instrumentation used inside the wind tumnel in this
test is divided, for the purpcse of this discussion, into the frllovwing
parts:

(a) A sting-supported spinning model, mounted on ball bearings
and povered by an air turbine wheel in *he base of the model (see Pigure 3).

() A strain-gaged sting vith the gage sections located
i{smediatsly behind the model (see Figure &),

(¢c) A tachometer pickup which has an A.C. voltage output of
the same frequency as the model rotation (see Figure 3).

(d) A support systam which permitted a small variation of the
angle of yav as vell as varistion in the angle of attack,. The variation
in yav angls removed any trim argle in the yaw plane (see FPigure 5).

5. The model used in this test consisted of a thin alumimm
shell mounted on two highesjoed ball bearings. A magnetized stesl ring

3
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was mounted inside the model and rotated with the model to induce an
altermating o.8.f. in the stationary tachoweter pick-up coil. An air
turdine rotor attached to the model near the bese provided the model
rotational pover. MNaximum 3pin rates of about 35,000 rpm were used

in these tests; higher spin rates can be obtained, if desired, with
motive pover of this type. The other components located inside the
model vere non-spinning and consisted of a sting extension om which
the bearings, the tachometsr pick-up coil, and the turtine air-inlet
notzle uait vere mounied. The high pressure turbine air (over 100 psi)
vas suppiied to the model through the hollow sting., After passiug
through the turbins blades, the air wvas exhausted through the base of
the model. The folloving are among the more important requirements
vhich were met as far a¢ possidble in the design and manufacture of the
model and model components:

(a) the spinning model shell was wade as light as possidble and
the concentricity of all surfaces vas held to a close tolerance to
minimize any mass unbalance vhich might induce vidrations;

{1} the support bearings were videly separated to reduce
"run-out" in the model dus to "slop" in the dearings and thus minimige
dynamic unbalance dus to run-out;

(¢) the spinning tachometer magnet wvas made of hardened
steel since it wvas lsarned that Alnico magnets would explode at the
spin retes attainadle vith air turdine drives; .

(d) the model-motor combination was capabls of being dynamicelly
balanced by the addition of smll veights in two traunsverse planes,
of which vas located nsar the nose snd the other was located near
rear of the model. At each of these tranaverse planes, there wves
ing of tapped holes into vhich small set screvs could be inserted
sffect the dynamical balance. These holes were, of course, inside
mode

11

gEs

6. The sting used in this test contained two ¢ -.in-gaged yav
ions (see Pigure &), The strain-gage bridge for the fromt sectiocn
eave & D,C, signml voltage proportiomal to the yawing moment adout a
point 0.68 caliders in front of the base of the model, The aft strain-
gage bridge gave & D.C, signal voltage proporticoal to the yaving
moment about & point 3,80 caliders behind the base of the model. To
elimirate any possible effects of eir losds on the balance itself, it
vas enclosed in & vindshield which extended forward from the sector
into the base of the model (see Figure 4). The long, hollow sting was
mdc in several sections vhich were assembled and silver soldered
together belors the strain gages vere mounted, This type of comstruction
vas necessary in order to provide a sufficiently large air passage
through the sting and to permit the mmchining of gage-section walls of
thicknesses sufficient to insure relatively high sensitivity *o applied
yev losds and yet provide adequate strength for bigh pitch loads,

i
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7. The tachomster pick-up coil consisted simply of a small coil
of £ine vire wound around a soft iron cors., One end of the core wvas
mounted vith only & fev thousandths of an inch clearance betveen it and
the spiming magnet so that with the model (and magnet) spimning, an
alteroating e.n.f. vas induced in the pick-up coil (see Pigure 3).

8. The sting-mounted modsl vas clamped in & so-called sero-yaw
dwicovhichpnittdt#2do¢nld3mmﬂumn¢h
(see Figure 5). This devico was in turn clamped to the sector with
vhich the angle of attack is varied. When the wodel is irstalled in
the tunnel there may de, and in fact usually is, a small angle in the
ys¥ plane betveen the model axis and the air flow, This angls, usually
one half degres or lsas, can be tolerated for most vind-tunnel teets
since its effects can be removed from the
& sensitive dalance such as is required f
moment due to this yav angls may be larze comparec 1o the Magnus moment
and may introduce 4ifficulties im accurately recording the data,
Therefaore, the sero-yav device is used in Magnus msssurements to eliminate

moments in the yaw plane.

9. 7The instrumentation used outside the tunnel in this test is
divided, for the purpose of this discussion, into the following partas:

{see Yigure 6).
(a) A pre-amplifier to aaplify the voltage of the tachomster sigoal,

() An audio frequency oscillator to provide calibration
frequencies for use with the tachometer instrumentatiom,

(c) An eventa-par-unit-tims counter to messure either the
calibration frequencies or the amplified tachomster output freguency.

(4) An ocscilloscops to monitor the amplified tachometer sigmal.

(@) An electronic tachomster to comvert the amplified alter-
mating voltege from the pick-up coil into a direct cwrrent voltage
proporticmal to the model spin freguency.

(£) A serve system to position the recorder chart as a function
of the model spin rate and in so doing, null out the D.C. voltage of
the electronic tachometer,

(g) A 6 volt battery to apply a D.C. voltage acrcess the straine
gage bridges,

() A nulling and calidretion circuit for each strain-gage bridge.

(1) A D.C. amplifier for each strain-gags bridge to amplify the
unbalance voltage betveen the bBridge and mnnng circuit; the undalance
1s indicative of any moment, due to air loads, sbout that strein-gage
section.

(J) A tvo channel recorder vhich had been modified as stated in
parsgraph 19 below, to make the chart position a function of & third variable.

5
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10, Any high gain amplifier is adequate for amplifying the
pick-up coil signal. In this test a General Redic Amplifier vas used,
For future tests the use of & Techtronic direct coupled pre-amplifier
is planned since this pre-amplifier bas built-in circuits to remove
any undesired frequencies (in chis case sixty cycle pick-up which gives
trouble at lov rotational speeds vhere the tachometer voltage is low
and high amplification is required),

1l. A Hewlit Packard Audio Freguency Oscillator wvas ussd to provide
calibration frequencies. In odtaining Megnus data the ocscillator vas
used in the following manner; fTor gero frequsncy, the chart was set to
& gero positicn, Ths oscillator was set to the desired top frequency to
be used in the test, in this case 600 cyclss per socond, and then
svitched into the tachometer circuit. 7The chart servo system would
position the chart at the point corresponding to 600 cycles per second.
The distance between the sero frequency cbart positicn and the 600 cycle
per second chart position provided the scale factor for chart position
versus spin rate. The oscillator was also set at 500, MO, 300, 200,
and 100 cycles per second to check the linsarity of chart position with
spin rate, It was found that the chart position uncertainty wus
anproximately 4 1 per cent,

12, An events-per-unit-time counter, called an XRUT Ioter, vas
used as a standayd frequency or spin-rate msasuring device, This
instrumsnt, produced dy the Berksly Instrument Company, is accurete to
the nearest count. In this test it was set to count ocycles per second
and vas used to check output frequency of the audio oscillator and the
model spin rete.

13. A Dumont Oscilloscope vas used to monitor the amplified
tachomster signal. This instrument had tvwo purposes: (a) it could be
used as a voltaster dy cosparing the peak voltage of the ampliried
signml vith & calidbrating voltage availadle in the cscilloscope, (an
A.C. voltage of at lsast 3 volts i3 required for corrs:t opsration of
the electronic tachometer), and (b) it was used to detect the presence
of harmonics in the amplified pick-up coil signal (the Censral Radio
Rlsctronic Tachometer vill count harmonice as well as fundamenmtal
frequency and thus give an erronecus frequency reading if the amplitude
of the harmonics is excessive),

14, The amplified pick-up coil output wvas fed into & General Radio
Rlectronic Tachometer. This instrumsnt has an indicating meter (e
D.C. milliammster) vhich indicsted the frequincy of the A.C. signal
connected to its imput, Instesd of reading the deflection of the
indicating meter, the voltage 4rop across the meter was used to provide
& D.7. voltage, proporticmal to the model spin rate, which could be
used as & sigoal to operate the recurder chart, positicaing servo system.

15. A servo system shich rositioned the recorder chart as a

function of the model spin rate wvas the final part in the tachometer
system. This servo cysteam vas bdbuilt sround a Leeds and Northrup

6
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Speed-o-max Amplificr and a pen-drive motor. The sigml obtained from
the General Radio Electronic Tachomster was nulled againat the voltage
drop across a helipot. The helipot was geared to the recorder-chart

drive system. Therefore, vhen a stsady model spin rate was attained the
sorvo system would drive the chart to a fixed position and rotate the
beiipot to the position required to null out the aignal obtained from

the electronic techometer. Since the helipot was geared to the chart
drive, this means that the chart position was & function of the zodel-spin
rate, However, if the model-spin rate was continuously increasing or
dec_easing as in this test, the servo system would never attain this

null condition but would alvays dbe slightly "behind” the true null
position. This introduced a "hysteresis" effect betveen increasing and
decreasing spin directions., By regulating the gain of the servo amplifier
and the voltage across the mulling helipot it wvas possible to decrease the
width of the "hysteresis” loop to approximately the width of the recorder
pen line for the rotational accelsrations used. 4Lais slight error
introduced no significant uncertainty into the data. Controls were
provided to adjust both the chart sero position, and chart spin-rate

scale factor (see Tigure 7).

16. The strein-gage bLridges vers povwered by a § volt battery.
No provision was mde for regulating this voltage, and therefors, the
voltage must have decreased continuously with time. To take this into
account, the chart calibration curve for strain-gage dridge unbalance was
Tepeated at frequant intervals during the test. It was found, however,
that the chart calibrations did not change with time (vithin the accurecy
of the calibration) even over 5 days of continuous testing, which indicated
that the decrease in battery voltage was insignificant. D.C, pover to
the strain-gag bLridges was used for several reasons. Preliminary tests
indicated that zero shifts in the electrical Balance of the bridges due
to temperature effects, vere of the same order of magnitude for either
A.C, or D.C. power, With D.C., power to the gages, D.C. amplifiers with
highly filtered input circuits could be used, With an A.C. system, the
amplified dridge signmals shoved large variations near all resooant-
vidtrational frequencies of the model and sting as well as large varistians
at all multiples and sub-multiples of the strain-gage carrier frequency.

17. A nulling and calidbration circuit wes provided to "gero out®
any initial unbalance in the bridge circuits and provide a mesns of
calibrating the balance that is indepsndent of applied voltage o the
hridg..

18. A leeds and Northrup D.C. Amplifier was used for each strain-
gage circuit. These amplifiers are equipped with input circuits
vhich filter out ary A.C. cumponents in the strain-gage sigmals. This
slininated the troudbles menticned above in paragraph 15. It wvas also
found that the use of these D.C. amplifiers permitted higher amplification
factors because of their greater stability and decause of their greatly
simplified nulling and calibration circuits as compared to the phase
shifting circuits required with A.C. strain-gage power, 7hese D.C.

7
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amplifiexs contained built-in etep svitches, the use of vhich made .
available & range of amplirication factors each of which has a known

and exact multiple of the others. This feature simplified data

taking in that the amplifica’ion could be changed over a wvide range

of values without recalidration.

19. A tvo-chamnsel leeds and Northrup Spesd-c-max Recorder ves
used to record the data. This recorder as purchased from the manufactursr
vas equipped vith bdoth a time-drive system and a selsyn-drive systea
for the chart. That is, the chart position could be & function of time
vith chart speeds of either one inch per minute or thirty inches per
minute, or the chart could be positionad with the selsyu motor., This
latter method of positioming the chart essemtially comverted the
recorder to an X], X2, and Y recorder, that is, tvo variable: could
be directly recordet as functions of & third varirhle, provided that
the third variable could de relsted to tne rotatiocuml angle of the
selsyn generator controlling the position of the selayn motor in the
chart drive syetem. The tvo pen recorder converted to an Xy, X2, Y
recorder, is particularly suitable for recording data such as Magnous
forces continuously as functions of model angle of attack. However,
this selsyn systea is not easily adaptadble to recording an indeyendent
or "Y" variable wvhich is available as a D.C. voltage, Therefore, a
servo system vas mado to position the chart vith a D.C. voltage. The
chart-drive selsyn motor was roplaced with a servo motor and with this
change the recorder could then plot two variables sach as a function of
a third, each dependent variadls (X1 or X2) being a D.C. voltage
betveen O and 10 millivolts,

Test Technigue

20. The model used in these tests had an air "coaster” turbine
for its ratatiosal power. The term "coaster” means that this model was
designed to bde brought up to & certain speed bdefore the wind-tumnel blow
ves started. Them with the angle of attack set at some nominal wvalue,
the blov vas started and flov estadlished, the high pressure supply
air to the turdbine was cut off and the model's rotational speed
slloved to “decay” during the duration of the blow. SItrain-gage balance
data were cortinuously recorded as functions of spin., This type of
data~-taking procedurs wvas intended to avoid any possidle effect of
turbine pover on the strain-gage balance. The disadvantage of this
procedurs was that the speed decremsnt during "coast-down” was small,
thus requiring several vind-tunngl blows to cover the desired rotatiomal
speed range, for each angls of attack. 7This model-motor-dalance
c-wbination vas checked for turbine-pover effects on the balance by
running up the rotatioual speed with the vind off and noting “he
balsnce output. The rotational speed had no effect on the strain-gage
balance. With this fact established a "power on" type wind«tunnel
blov vas attempted. This "power on" type blow revealed: (4) that the
“pover cn" rotational acceleration was much greater than the deceleration
which oceurred during & “cosat down" type blow, (b) that a higher
mximm rotational speed could be attained. These “pover on" effects
vere probably & result of the increase in maximum pover tha* the turbine

8
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could develop, due to the reduced back pressure to thu air turbdine
caused by reduced ambient air pressure in the vind tunnel during the
blcw, This incresso in turbine pover made it possible to cover a larger
speed range in a single blov, thereby cutting down the required wind-
tunnel time by a consideruble amount. These conditions vere sufficient
to varrant the performance of this type of blow for the entire prograr.
At one test condition M= 0.59)1, G = =21 degrees, a completely nonelineunr
set of recorder traces vere odtained, which lovked unusual. This
condition vas repeated and test data were taken for tvo "power up"

type blowe and a single “"coast down" type blow., The data are presente-
in Figure 9 as further Jjustification of the "pover up" type blow.

21, This test program did not include Mach numbers higher than
2,46 bacause: (a) the maximum Magnus force that this size model vas
able to develop vas approaching zero, and (b) the balance used did
not have the extreme sensitivity required to mesasure these minute forres.
Four sudbsonic Mach numbers vere chossa to cover the entire subsonic range
vith special emphasis on the high subsonic end, vhers aesrodynamic
characteristics usually have the largest variations. The angle of attack
reange for this progran was approximately +i degrees to -21 degrecs.
This eign designation vas used strictly for convenience in tae vind
tunnel.

Coefficients
22, The definitions for side force and yaving moment coefficients
(in this case dus to Magnus, i.e., due to spin at an angle of attack)
in use in the Navel Ordmance laboratory wind tunnels are

CyaY Side force coefficimt
95

Cy= _‘g_a Yaving moment coefficient
[

23. The serchballistic Magnus force and moment coefficients as
defined 1in refersnces (g¢) and (h) are

Crp, = lﬁ'gg . ps] Magnus force coefficient
140
# (&) s

C - ]
"’h E‘_liL__xz_J Magnus mosent coefficient

¢ (&) ase

)
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2k, The hallistic Magnus force and moment coefficient definitions
a8 given by references (g) and (h) (see also reference (1)) are

) 4
- b 4 osfficiant
‘p . '”‘ s Magnus force c e

kra =T - Magnus moment coefficient
$.~ uwd

25, From these definitions, for the same angle of attack (or yaw)
with reapect to the wind vector, the following relations, valid for the
wind-tummel case, can be arrived at

. - 2v - 15
O [c!](ﬁ) ' .a? mmgﬁo
L%} unnel S« 0

ool (g ol L pe

The brackets in the above relations are included to indicate that these
quantitiss may have either a positive or negative sign, and that the
sign vhich precedes them 1s there as part of the definition,

26. If the simple tvo dimensional picture of the Magnus effect is
cansidered to be acting on a spinning body at an angle of attack, the
above coefficients will have the following signa.

Center of Ahead of Center of Cravit
+p, =P, G 49, < -p, 4@
-
c! - - L 2 L 3

+*
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Cegter of Magnus Behind the Center of Gravity

%, G -, G P, @ ‘ =P,
- - + +
+ + + +
+ + + +
’ ’ - -
- e L
+ +* 4+ L

Data Reduction

27. The raw data, taken at fixed values of angls of attack, vere
"linear” with rotatiomal velocity vith only a single exception. This
greatly simplified the data reduction by making it possidle to reduce
the data by “slopes." Instesd of taking particular points om the
recorder treces, straight lines were faired over the treces and these
slopes converted to coefficient slopes. These cosfficiemt slopes
vere the change in side force cosfficient and yaving moment coefficient,
Cy and Cy, respectively, with spin (i.e., dCy/dp dCy/dp). From these,
the Magnus coefficients vwers cbtained

R [

P

It 1s to be noted that the adove coefficimmts, Cy, C,,, ij, q.,, c.,b. and
c‘ih are all non dimensiomal,

i L4 [EIRC
i

28. The omly correcticn applied to the data was the shifting of
the curves to the trimmed angle of attack conditiom. A correctien to
the indicated angle of attack dus to pitch plane loads was determined
and found to be only 0.3 desgrees at an indicated angle of attack of
22 degrees, at M= 1.56, the condition of greatest pitch loads. This
correction to the indicated angle of attack amounted to lecs than

11
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’ - 2 percent at most, and vould not comtribute significantly to the
— izprovement of the datc, It was, therefore, omitted, It should also
be notad that this currection vas computed using no-spin static pitch
force and momsnt data taken during another program, Corrections to
the data due to pitch or yaw inturections vere not required with the
strain-gage balance used, since these interactions vere removed by
electrical shunting in the balance bridge circuits (see reference j).

- 29. The standard right-hand coordirmate system, as used by the
Nati{onal Advisory Committee for Asromautics and the Ballistic Research
laboratories, vas adoptsl ¢o define the orientatian of the model in the
vind tunnel and estadblish the sign conventiocns. This system is shown
in Figure 8 (see references g axd h),

Accurecy

30, No cosputation has been made to determine absolute probable
errors for these data, hovever an indication of the accuracy bhased on
the repeatability has been made. The coefficients cu, axd cup were

taken in tvo groups; one group of data being that vhicu vas included
in the angle of attack rangs from +i degrees to -8 degrees; aml the
group of data being, that vhich was obtained at angles of attack
G = -8 degrees to G » =21 degrces. This grouping was done for
Mach mbers., On this basis the average deviations in the coeffi-
cients Cl, * Cup were:

c
o ) "
-85 < a s «° | +0,0005 | +0.0138
o 2°¢ a < -8 | 40,0181 | +0.036

4}

If these deviations vers considered as average deviations in percent
of the measured coefficients the result wvould de

Comp/ony | Com/on,

82 ¢ a g «a° 9.2 percent | #35.0 percent

219 a <4 .8° 42,3 percent | 46.3 percent

That the percent error should be larger for the lov angle of attack range
1s tu be expected, since the coefficlents are approeching zero., A better
estimate of the accuracy of messurement might have been obtained if the
percent deviations vere determined using the actual forces and moments,
and considering the data as deing part of a large force and moment group
and a small force and moment group, This would have besn a more
realistic estimate in viev of the fact that at high subsonic speeds and
relatively lov angles of sttack appreciadbly larger forces anl moments were

12
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obtained than at high Mach numbers and high anglec of attack. uUnfortu- :
nately, due to the lack of a sufficient number of repeat points at all .
angles and at all Mach nuabers, an sdequata statistical error analysis

vas not practicable.

Results

31. A complete definition of the vind-tunnel test conditions is
presented in Table I in which the Reynolds number (based on the model
langth of 1k inches), the dynmamic pressure, the flux density on mass : .
S flow per unit area (AV), and the aaximum Magnus force and moment .
' measured at 600 revolutions per secand, are tabulated for each Mach
nunber,

32, The "basic" side force and yaving moment coefficients, (about
the center of gravity) Cy and Cy, are presented in Pigures 10 to 19 as
functions of the rotational velocity, p (revolutions per secomd), for
constant angies of attack. This is in the same general form as the raw
data vere obtained during the actual testing. The alternmate plots of
CYy and Cy are arranged in the order of incressing Mach nusmber from _
M= 0,291 to M= 1.56. These figures reveal that the Magnus character-
istics of this configuraticn exhibited an orderly bebavior with spin
rate, angle of attack, and Mach mumber; the figures alsoc shov certain
notevcrthy festures of both the subsonic Magnus characteristics a3 the

=z suparsonic Magnus characteristics, vhich will be discussed below.

33. Generally speaking, the data obtained at M e 0.291 (Figures 10

o and 11) exhibit the most marked variations in Magnus characteristics for

all the Mach numbers tested, It can be sean from these two figures t. *

— ) at small angles of attack, the Magnus characteristics are linear with

spin rate. As the angle of attack is increased, the linearity o the

Magnus characteristics with spin persists but only up to & certain spin

velocity. At this point the data abruptly take on a different linear

relatiorship with spin., This "bi-linsar" behavior continues with

. increase in angls of attack until at an angle of attack of =21 degroes

the Magnus variation with spin becomes completely non-linear. The .

B next pair of Figures, 12 and 13, present the basic coefficients st

- M= 0,600, These curves are essentially the same as those for M = U, 3
except that the non-linear behavior at 4 = -21 degroes has become
"bi-linear.” The magnitudes of the coefficients in these plots are
slightly larger than thoee presented at M « 0.291. PFigures 1k through 17
mesent the data obtained et M = 0,810 and 0.914. The gemeral form of

: these curves is the same as the curves for M « 0.600 except that the

magnitudes of the cosfficiemts have grown larger with the increasing

- mach npumher. Ous general effect which can be observed is trat the
“break" in the curves becomss less pronounced with increasing Mach
numbers, The occurrence of the "break” or "corner” in the subsonic

. data is at preeent wnexplainabie. The points at which these "breaks”

- occur are not accuratsly defined because of fluctuations in the

reccrder traces due to model vidbration and tunnel turbulence, and

becuuse the change in the actual recorder trace slope3 for most cases

is small,

- 3
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34, The plots of Cy and Cy at M« 1.57, Figures 18 and 19, are
included to shovw the murked linearity of these coefficients with spin,
even at the highest angles of attack, as contrasted to the "hi-linear"
variations at subsonic speeds. The primary coefficients for the higher
supersonic Mach nunbers ars identical in form to those presented in
Pigures 18 and 19, They are not presented here since it is felt that
the data at M = 1,57 are sufficiently representative of all the super-
sonic Mach numbers,

35. The next group of figures present the Magmus torce coefficients,
CNn, the Magnus moment coefficients, cup, and the center of Magnus. These

coefficients my be vritten as
U oo OfE) oty (F)

These coefficients are the next logical step in the data reduction since
they are essentially the slopes of the basic coefficients. Ths subsomic
Magnus coefficients are presented in Pigures 20 to 23; solid curves have
been faired through the points vhich represent the initial slopes, up to
the break, of the basic cosfficient curves, Dashed curves have been
faired through those points which represent the slopes (“secondary” slopes)
of the basic coefficient curves after the "breaks.”" Tho "secondary" slope
points for M = 0,291 have not deen included in Figure 20 becsuse their
errsatic behavior defines no distinct curve. This group of subsonic’ figures
mhﬁt&mhuw&wntimd%m%uﬁmc
attack (even for the “"secondary” slopes) and & gredusl incresse in the
mgnitude of the cosfficiemts with incressing Mach muaber. The increase
in coefficients vith Mach nmuaber has already been pointed out in the
previous discussion of the sudsonic basic coefficients. C.’ and cup at
M= 0,291, ¥= 0.600, and M = 0,810 appear to be increasing vwitr angle of
attack and give no hint of & or maximum vwithin the angle of attack
range tested, bdut at M = 0,91k at the highest angles there sesms to be a
luggeltionotsp-kmm%cm. It vould be interesting in the
future to make msasuremsnts at higher angles of attack to determine, 12
and vhere, the Magnus coefficients attain a maximum value. The supersonic
Plots of Ciy, and Cj, arvs presented in Figures 2k to 28, These curves
have the orthy difference from the subsonic curves in that at angles
of attack betwveen 10 degrees and 1k degrees the Magnus coefficients have
atiained their greatest value, Further incresse in angle of attack is
accompanied by & diminution of the coefficients. Although there ave
rolstively fevw Magnus data at the positive snglss of attack, the CNy and
CMp variations appear to be udd functions of the angle of atiack, i.e.,
the curves have origin symmetry. It seems that at soall angies attack
the data might be fitted by & polynomial in G of the form AT + Bxd,

36. Also presented with the Magnus coefficients in this group of
figures, are the variations in center of Magnue with angle of attack;
tha center of Mugnus positicns are given in terms of frac:ions of body
length from the base. The curves of the subsonic centars of pressure

shov a small rearvard movement at the higher angles of attack and practically

1k
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no variation vith Mach nusber., The curves of the supersonic centers of
Magnus have & smll "s" variation with angle of attack and also no
significant change vith Mach numder. There is only approximately a

10 percent of the model length (or .7 calibers) variation in the center of
Magnus for ull Mach nusbers tested, if the data points at the smell angles
of attack, vhoce scattsr vould normally de expected to be large, are not
included, The center-of-Magnus curves have been faired to that wvalue

of center of Magnus as determined by the Magnus force and momeat coefficient
slopes at G » 09,

37. The next group of Figures (29 to 37), present the Magnus force
and moment coefficients in the fora C)m and C“R:’ These curves vere

constructed using the faired curves of Clp and ('-np and using the
relationshipe, C:m - E& and Cnh - _&. These relationshije yield
a

o
'-m-w'mw%m%nmm«nmkmm

sero degrees, At G = O degrees, these "secant-slops” coefficients are the
actual slopes of the Cy, and q‘, ocurves, i.e., (C],h) -(ﬂ!)
Ga(0 aa /G=00

and (C = /dC; « Far the secondary slopes (as previously
(M) o (T"v)w

discussed) the above relationships vere also used, These curves behave
like even functions of the angle of attack and have the appearance of
parabolas at the sanll angles. mhmfmoeodtuim%u

derfined in the table presented in the section titled “Coefficients” is
positive in sign regardlsss of the sign of the angle of attack or the
sign of the spin velocity. The Magnus moment coefficient cum is similarly

independent of the signs of angle af attack and spin velocity (or combina-
tions thereof) and depends only cn the location of the cemter of Magnus
vith respect to the center of gravity. ".'um is positive if the center of

Magous 1s located behind the center of gravity and negative in sign if the
center of Magnus is ahead of the center of gravity.

38. Iuhﬂdmtbcoplaumthovﬂmofcumm%u

obtained from free-flight range firings (reference c)# The renge values
are shown in these figures as horizontal lines betvean U = 43 degrees
because these data were obtained from range-firing rounds vhose angular
oscillations varied approximately detveen these limits.

39. An oversll picture of the test results can be obtained frca
Pigures 38 and 39, hthuofimclpmcupmpmedu@mnlhch
pumber for varicus angles of attack, The subsonic portiocns of these plots
present curves for angles of attack up to 20 degrees, vhils the high angle
of attack curves have been omitted from the suporsomic portion. This was
dons to preserve the clarity of the presented supersonic curves since the
higher angle-of-attack curves would be superimposed over the presented
curves and vould be confused with vhem,

# BRL 876 contains only supersonic data

15
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L0. During the processing of the data it wes noticed that the peak
supersonic values of Cup Plotted against Mach number could be approximated
by 1/ YM=1, This relation was included in Figure 38 to demcnstrste this
approximaticn., The authors do not wish to imply that this relationship
wvould hold for all models, but it does appear that

(CNP)-:: o /o1

might be a relationship which would describe the maximun Magnus coeffi-
cient obtainable at supersonic velocities, vhore K might be & function
‘of the model shape and finensss ratic (K= 1 for this mdel), Further
evidence should be sought to check the walidity of this apparent

relationship.

L1, h?im%mprumtd%mc"mmvmum

number for small angles of attack from the Naval Ordnance laboratory wind
tunnel and the Ballistic Research laboratoriss firing range results,

42, Before giving some comments on the cosparisan between the
results [resented in this report and the Aberceen ballistic range deter-
mnination of the Magnus characteristics of the reven caliber AM Spinner
Rocket, soms clarification may be in order for Figute 4O, In this figure
the data points vith the square synbohmtmvnuuctclcmmd
derived from the wind-tunnel c.p and Cup-codricicnt values for @ eq
to 4 degrees. The curves fitted to thess points are curves fitted by eye
to the points and are only presented to illustrate the general trend of
the data with Mach aumber. The date points with circle symbola are the
values of Cnm and C“Rx coafficisuts derived from the vind-tuanel C'pp

and Cnp-eoafncimc versus G slopes at G equal to O degrees. Again, the
curves through these points bave been fitted by eye and 1llustrate the
trenmd of the wind«tumisl data with Mach number. The sheded triengles

general
Tepresent data points taken from ERL Report 876, pages 53-70, and comverted
to CNp, anmd Cp, coefficients {sce section an “Noefficients” for the

relationships used to convert Kr and Ky to Citp, a0 Cip, coefficiants). The

Ballistic Research Iaboratories curves fitted to these points were fitted
by a statisiical method that was fairly involved and, therefore, is not
explained here. Toe shaded diamonds ropresent dsta points taksn from

ERL Report T75, pages 19-24, and converted to Cop, and CMp, coefficients.
The curves fitted to these points were fitted Ly a statistical method that
vas also fairly involved and is, therefors, not explained here (see

BRL Report 876 and KRL Report 775 for the methods used for fitting curves
to these data),

43. Since (a) no anslysis has besn made of the dats presented in
this report; (b) there are several cbvious differences betveen the
exper.mental conditions existing for a sting mounted model in the NOL
40 x 40 ~m Aeroballistics Tunnel and a model fired in the BRL Ballistics
Range; and (c) there are differsnces in the data reduction procedures

16
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bstveen the wind-tunnel and freov-flight daia presented in Figure L0,
no direct cozparisor should be expected, However, the correlation
betveen these duta shovs soms trends which appear tc be significant and
are therofore mantionsd balow,

Lk, For the reascns listed in the preceeding paragraph, mo
detailed comparisan of the winc-tunnel and firing-range data is given
or warranted; hence, let it suffice for the authors to state the

following:

(a) At supersonic Mack mumbers. the range and wind-tumnel
values for both e’lh axd Cu..h are eseentially in agreement within the

experimental accurecy of the data,

(b) The subsonic Magnus force cosfficients, as determined by
the vind turmel do not agree vwith the values d.termined by the ballistic
range in that the wind-tunnel Magnus force coefficients appear to bs
significantly larger than the Magnus force coefficients detarmined from

rangs firings.

(c) As regards the subsonic Magnus moment coefficients, the
vind-tunrel and firing-range results are in complete disagreemsnt. The
difference betveen these results in Magnus moment signs indicates that
the firing-range centers cf Magnus are ahead of the projectiles center of
gravity (C.G. d.0h calibers from the noss) vhereas the wind-tuunel centers
of Magnus are behind the projectils center of gravity.
speaking, the vind-tunnsl results shov that there is relatively littie
chunge in cemter-of-Magnus position for the Mach nmumbers for which data
vere obtained; on the other hand, the firing-range results show a rather
large variation, with Mach mmber, in center-of-Magnus position. The
reason for this difference betveen wind-tunnel and firing-range results
is, as present, unknown,

45, Pigures bl snd k2 present some typical achliersn photographs
taken during the program, All of the photographs vera taken as Rktachrome
color transparsncies using an experimental colcr schliasren system. The
black and vhite photographs presented here were ruproduced from dblack and
vhite negatives made from the Ekxtachroms transparencies and are not as
good in quality as ordimary black ard vwhite schlieren photographs, due io
the suceessive ruproductions and to “hs pocrer initial yuality of the
Ektachrome transparencies. Color schlieran transparencies however, do
veveal varjations in the flov patterns to a much greater extent thar do
black and white schlieren photographs due to the ability of the human eye
to differentiate changes in color bettar taan gradstions of black and
grey. Figure 41 presents two subscnic schlieren photographs of the model
it @ = 21 degrees and a spin rate cf approximately 500 revolutions, One
photograph was taken when the Mach muber was 0.61C and the other was
taken vhen the Mach mmber wes 0.914. The only marked difference between
the two is the incresse in the density gradient over the shoulder of
the model and the development of the standiry shock vaves in tnis vicinity.
Figure 42 presents a comparison, at M » 1.57, of the flow patterns around
the mudel betvern a high spip caso and a no spin case. There is no

17
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wujarent difference in the vortex patterns shed from the model detwveen

the two, although there is a distinct difference in thr flov patterns

immedistely behind the model base., The difference in ttv base-wake N
patterns between the high-snin case and the no-spin case is attributadble

to the turbine air supply being exhausted out of the model base in the

spin case,

CONCLUSIONS

46. The data presented in this report vere obtained as an
intermediate step in the development of instrumentation for the measure-
ment of Magnus effects on the NOL 40 x 40 ca Aeroballistics Tunnels,
The prelimimary phases are nov complete; i.e., Magnus measurements can
nov be aade vith relative ease at typical scaled spir retes and for angles
of attack from zero to ninety degrees. Muca vork remmins to be dons,
howvever, in improving the accurucy of the data, and in adapting the
instrumentation, support system, and motive pwer to various missile
shapes of interest. This further developmant is pow being carriod on
but the authors believe that the data presented in this report cre of
suw'ficient intersst for pudblication at this time.

L7, It should de avident from these data that the asroballistic
Magnus coefficient definitions are inadequate for non-linear Magnus data
(see Teferences g and h). An anmalysis of these and sinilar Magnus
data may yield coefficients vhich remove much of the non-linearities with
Mach nusber, spin rete, and angle of attack.

46, The suthors delieve that Magnus data obtained from wind-tumnel
tests are of at least equal accuracy and relisdility to Magnus data
obtained from free-flight range firings. However, the direct applicability
of these supersonic vwind-tunnel Magnus data to the motion of a spinning
missile in free flight remains to be demonstrated.l Since the Magnus
data odtained from vwind-tunnel tests essentially agree vith free-flight
range results for the smll angle of attack region; 1i.e., @ € 3 degrees,
it is recconidble to expect good agreement between free-flight motion
predicted frox vind-tummel data and the actusl free-flight motion of the
aissile at such smll angles of attack. There is soms evidence to drlieve
that a similar conclusion may be forthcoming for free-flight motions
involving considerably larger angles of attack than those obtained in
firing mgu.l Wind-tunmncls have sn advantage over firing ranges in
that not oniy may vind-tunnel Magnus data be obtained over vide renges .
of angles of attack, spin rates, and Mach numbers, but it is also possible g

1 Siatlar Magnus data from s subsonic wind-tunnel test of the 6" Test
Vehicle and the 12,75" Antisubmarine Rocket have recemtly bevn obtained
Ly the Naval Ordnance laboratory. These data are being used at Dahlgren
to predict the free-flight motion of the missile by numerical integration
of the equations of motion. The computed results have been found to be
consistent with observed flight behavior,

18
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since these variables may be trested as completely independent, to
exercise a much greatsr and more careful control over wind-tummel
axperimental conditions than may be exercisad in the firing ranges. In
addition the vind tunnels require no assumptions as to the nature of the
variation of ssrodynamic for:es in order to reduce the data., At the
present time such assumptions are made in reducing free-flight range data.

19
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B - Techometer Magnet
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